Communication between the male and female gametophytes is vital for fertilisation to occur in 25 angiosperms. A number of receptor-like kinases have been implicated in male-female interactions.
Introduction
female-mediated pollen tube burst at the synergids (FER (14)). To test which step in fertilisation is 144 impaired in the herk1 anj mutant, we tracked pollen tube growth through the style in single and 145 double mutants. In all plant lines, aniline blue staining revealed that the pollen tubes targeted the 146 female gametophytes correctly ( Figure S3 ). However, closer examination of the ovules revealed 147 pollen tube overgrowth at high frequency in herk1 anj mutants. While pollen tube overgrowth is 148 rare in wild-type and single mutants, 83% of pollen tubes failed to burst upon entering ovules in the 149 double mutant ( Figure 1C ). The 83% of ovules exhibiting pollen tube overgrowth is notably higher 150 than the 71% of ovules that fail to develop into seeds ( Figure 1B,C) , indicating that in some cases 151 fertilisation occurs in the presence of pollen tube overgrowth. Pollen tube overgrowth in herk1 anj 152 is occasionally accompanied by polytubey, where more than one pollen tube enters the ovule, as 153 reported for several other mutations causing pollen tube overgrowth including fer ( Figure S4A 154 (13, 23) ). This is indicative of uninterrupted secretion of attraction signals from the synergid cells, 155 suggesting impaired degeneration of the receptive synergid cell upon pollen tube arrival (24, 25) .
156
In fer mutants, pollen tube overgrowth occurs due to maternal defects in male-female gametophyte 157 communications (13, 14, 16) . To confirm that HERK1 and ANJ are female determinants of pollen 158 tube burst, we performed reciprocal crosses between the herk1 anj mutant and wild-type plants, as 159 well as control crosses within each plant line. While wild-type Col-0 (female; f) x herk1 anj (male; 160 m) crosses resulted in 1% of ovules with pollen tube overgrowth, over 90% of pollen tubes 161 exhibited overgrowth in herk1 anj (f) x wild-type (m) crosses, indicating that pollen tube overgrowth 162 is a maternally-derived phenotype in herk1 anj mutants ( Figure 1D ). As expected, pollen tube 163 overgrowth was observed in only 3% of the ovules in the control wild-type (f) x wild-type (m) 164 crosses, while 89% of ovules had overgrowth of the pollen tube in herk1 anj (f) x herk1 anj (m) 165 crosses.
166
To confirm that the reproductive defect is due to the disruption of the HERK1 and ANJ genes and 167 not to additional T-DNA insertions, we re-introduced the HERK1 and ANJ genes into the herk1 anj 168 background to test for complementation of the pollen tube overgrowth phenotype. We generated 169 pHERK1::HERK1 and pANJ::ANJ-GFP constructs and obtained pFER::HERK1-GFP (26) . A 170 pBRI1::HERK1-GFP construct has previously been used to complement the herk1 mutant (21), and we found that while pHERK1::HERK1 could be generated, pHERK1::HERK1-GFP could not 172 be cloned due to toxicity in several bacterial strains. In the developing ovules of five independent 173 T1 plants where a hemizygous insertion would segregate 50:50, expression of pFER::HERK1-GFP 174 or pANJ::ANJ-GFP constructs in the herk1 anj background reduced pollen tube overgrowth by 175 ~50%, as did a pHERK1::HERK1 construct ( Figure S5A ). Complementation indicates that these 176 reporter constructs produce functional proteins and confirms that the T-DNA insertions in the 177 HERK1 and ANJ genes are responsible for pollen tube overgrowth. We conclude that HERK1 and 178 ANJ are female determinants of pollen tube burst and therefore named AT5G59700 after the 179 fertility goddess in Australian aboriginal mythology, Anjea.
180
The kinase activity of FER is not required for its control of pollen tube reception in ovules (26) . We 181 therefore tested for complementation of the herk1 anj reproductive defect with kinase-dead (KD) 182 versions of HERK1 and ANJ generated by targeted mutagenesis of key residues within the kinase 183 activation loop (D609N/K611R for HERK1 and D606N/K608R for ANJ; (27)). pHERK1::HERK1-KD 184 and pANJ::ANJ-KD-GFP were also able to complement the pollen overgrowth phenotype,
185
indicating that the kinase activity of these RLKs is not required for their function in fertilisation 186 ( Figure S5B ). The similarity in the mutant phenotypes, cellular localisation and the dispensable 187 kinase activity in HERK1/ANJ and FER suggests they may act in the same signalling pathway as 188 co-receptors or as parallel receptor systems.
189

HERK1 and ANJEA are localised to the filiform apparatus 190
We generated promoter::GUS (β-glucuronidase) transcriptional fusions to gain insight into the 191 possible function of HERK1/ANJ in fertilisation. Both HERK1 and ANJ are strongly expressed in 192 ovules, specifically along the funiculus and the synergid cell area (Figure 2A 
200
To examine HERK1 and ANJ expression and cellular localisation in ovules, we used the 201 pANJ::ANJ-GFP and pFER::HERK1-GFP constructs that complement the fertilisation phenotype.
202
Examination of fluorescent signal from HERK1-GFP and ANJ-GFP fusion protein in the female 203 gametophyte showed that they were strongly localised to the filiform apparatus of the synergid 204 cells ( Figure 2E -H). The filiform apparatus is a structure formed by dense folds in the plasma 205 membrane and cell wall where the regulators of fertilisation FER and LRE also localise (14, 23, 206 28). This specific cellular localisation suggests that HERK1 and ANJ could function in the same 207 pathway as FER and LRE. While loss of FER or LRE alone leads to a reproductive defect caused 208 by pollen tube overgrowth in the ovule (14, 23), HERK1 and ANJ are functionally redundant, such 209 that HERK1 and ANJ could act as alternative co-receptors for FER and/or LRE during male-female 210 interactions.
211
NORTIA relocalisation after fertilisation is impaired in herk1 anj mutants 212
Previous reports point to an interdependence between FER, LRE and NTA in their respective 213 cellular localisations (15, 18) . FER only accumulates in the filiform apparatus if functional LRE is 214 present, and NTA relocalisation towards the filiform apparatus upon pollen tube arrival is 215 dependent on FER (15, 18) . As HERK1 and ANJ may act in the same signalling pathway as FER,
216
we tested whether these two receptors also interfere in this signalling network by studying the 217 localisation of fluorescence-tagged HERK1, ANJ, FER, LRE and NTA in the herk1 anj and lre-5 218 backgrounds ( Figure 3A ). Localisation within the synergids of FER-GFP, LRE-Citrine and NTA-219 GFP was not affected by herk1 anj mutations. Similarly, HERK1-GFP and ANJ-GFP localised to 220 the filiform apparatus in the lre-5 background. Contrary to previous findings (15), under our 221 conditions FER-GFP accumulation in the filiform apparatus was not impaired in lre-5 plants (n>25;
222
FER-GFP was found at the filiform apparatus in all ovules checked). Therefore, we found no
To determine whether NTA relocalisation in synergid cells upon pollen arrival depends on 226 functional HERK1 and ANJ, we transformed pMYB98::NTA-GFP into the herk1 anj background.
227
Using SR2200-based callose staining to visualise the filiform apparatus and pollen tube, we 228 observed NTA-GFP fluorescence intensity across the length of the synergid cell. In unfertilised 229 ovules, NTA-GFP fluorescence is evenly distributed across the length of the synergid cell in wild-230 type and herk1 anj plants ( Figure 3B ). Wild-type fertilised ovules have a shift in the fluorescence 231 intensity pattern, with NTA accumulation towards the micropylar end of the synergid cytoplasm and 232 a decrease in relative fluorescence intensity towards the chalazal end ( Figure 3B 
236
As reported by Ngo and colleagues (2014) , the journey of the pollen tube does not conclude upon 237 contact with the filiform apparatus of the synergid cells (17). Pollen tubes transiently arrest growth 238 upon contact with the synergid; they then grow rapidly along the receptive synergid and towards 239 the chalazal end, before burst and release of the sperm cells (17). To observe this process in 240 detail, we used TdTomato-tagged pollen and monitored NTA-GFP localisation at different stages of 241 pollen growth within the ovule. The shift in NTA-GFP localisation was noted in ovules in which the 242 pollen tube had grown past the filiform apparatus and ruptured, rather than upon pollen tube arrival 243 at the filiform apparatus ( Figure S7A ). Interestingly, in rare cases when pollen tube burst occurred 244 normally in the herk1 anj background, the fluorescence shift towards the micropyle had also taken 245 place ( Figure S7A ). In both cases, NTA-GFP did not appear to accumulate in the filiform apparatus 246 ( Figure S7B ). Our results differ from the interpretation of previous reports that NTA is polarly 247 relocalised from endomembrane compartments to the plasma membrane in the filiform apparatus, 248 instead supporting a more generalised relocalisation within the synergid cytoplasm towards the 249 micropylar end. We propose that HERK1 and ANJ, similarly to FER, act upstream of NTA 250 relocalisation in the signalling pathway. Deciphering whether NTA relocalisation is a requirement or 251 a consequence of pollen tube burst will require the temporal resolution that only high-resolution, 252 live-imaging approaches can provide (17, 29, 30) . ROS production is not affected in mature herk1 anj ovules 254 ROS levels in fer-4 and lre-5 ovules have been reported to be significantly lower than in wild-type 255 with the implication that, as hydroxyl free radicals can induce pollen tube burst (16), reduced ROS 256 levels could be responsible for pollen tube overgrowth. To assess whether HERK1 and ANJ also 257 act upstream of ROS accumulation in the ovules, we used H 2 DCF-DA to measure ROS levels on a 258 categorical scale in herk1 anj, lre-5 and fer-4 ovules ( Figure S8A ). In stage 14 flowers (31), when 259 the highest levels of ROS are reported in wild-type ovules (16), we could recapitulate a strong 
262
Subsequently, we analysed the female gametophyte structure in herk1 anj ovules of stage 14 263 flowers and verified they develop correctly and accumulate callose at the filiform apparatus,
264
suggesting that the observed phenotypes are due to a signalling rather than a morphological 265 defect (Figures 4A and S9A-C; (32)). Undeveloped ovules in the herk1 anj mutant could hinder our 266 interpretation of the ROS measurements. Thus, we studied gametophytic development in herk1 267 anj, lre-5 and fer-4 stage 14 flowers at 0 and 20 hours after emasculation (HAE). Quantification of 268 development indicated that at 0 HAE more than 40% of wild-type ovules were not mature, with a 269 further delay in development in herk1 anj and fer-4 ovules ( Figure S10A ). At 20 HAE, all ovules 270 had reached the mature 7-celled or 4-celled pollen-receptive stages in all backgrounds tested 271 (Figure S10B; (32, 33) ). Consequently, we checked ROS levels in ovules at 20 HAE when ovules 272 are mature in all lines. Across three independent experiments, we confirmed that ROS levels are 273 significantly lower in fer-4 ovules compared to wild-type ( Figure 4B and S8C), indicating the that 274 ROS assay is functional in our hands and able to distinguish changes in ROS levels. However, we 275 found that ROS levels are consistently comparable to wild-type in mature ovules of herk1 anj and 276 lre-5 ( Figure 4B and S8C). To verify that the fertilisation defect is not rescued in the herk1 anj and 277 lre-5 genotypes at 20 HAE, we confirmed that pollen tube overgrowth still occurs when ovules are 278 fertilised at this stage ( Figure 4C ). Taken together, these results suggest that FER acts upstream 279 of ROS accumulation in ovules prior to pollen tube arrival while, under our experimental conditions, 280 HERK1, ANJ and LRE are not required for this process. As these results conflict with a previous 281 study showing lower ROS levels in lre-5 ovules (16), the function of LRE in ROS production may 282 be environment-dependent. Our results do not preclude that pollen tube arrival-induced ROS 283 signalling in the synergid cells is affected in herk1 anj and lre-5, however differences in transient 284 synergid-specific ROS burst cannot be quantified in our in vitro system.
285
HERK1 and ANJEA interact with LORELEI 286
LRE and its homolog LORELEI-LIKE GPI-ANCHORED PROTEIN 1 (LLG1) physically interact with 287 RLKs FER, FLAGELLIN SENSING 2 (FLS2) and EF-TU RECEPTOR (EFR) (15, 34) . Mutations in 288 these GPI-anchored proteins and their associated RLKs result in similar phenotypes, with LRE and 289 LLG1 regarded as co-receptors and stabilisers of RLK function (15, 34) . HERK1, ANJ and FER are 290 closely related RLKs and, given the similarities in reproduction defects and sub-cellular localisation 291 in synergid cells ( Figure 3A ), we hypothesised that HERK1 and ANJ may also act in complex with 292 LRE at the filiform apparatus. To this end, we used yeast two hybrid assays to test for direct 293 interactions between the extracellular juxtamembrane domains of HERK1 and ANJ (HERK1exJM,
294
ANJexJM) and LRE. Interactions between HERK1exJM and LRE, and ANJexJM and LRE were 295 detected, indicative of a possible direct interaction between these proteins ( Figure 5A ). To confirm 296 these interactions in planta, co-immunoprecipitation assays were performed in Nicotiana 297 benthamiana leaves after Agrobacterium-mediated transient expression of pFER::HERK1-GFP 298 and p35S::HA-LRE. HA-LRE co-immunprecipitated with HERK1-GFP ( Figure 5B ), confirming that 299 these two proteins form a complex in planta. We were unfortunately unable to detect ANJ-GFP or 300 ANJ-MYC expression in this heterologous system.
301
Additionally, we introduced the lre-5 mutation into the herk1 anj background and characterised 302 fertility impairment in triple homozygous herk1 anj lre-5 plants. No additive effect was observed in 303 the seed set defect in herk1 anj lre-5 plants compared to herk1 anj and lre-5 mutants ( Figure 6A ).
304
ROS production in these mutants was measured using H 2 DCF-DA in herk1 anj lre-5 ovules at 20 305 HAE. In agreement with the seed set phenotype, ROS levels were unaffected in the triple 306 homozygous line ( Figure 6B ). These results reinforce the hypothesis that HERK1, ANJ and LRE 307 act in the same signalling pathway and, given their cellular localisation and our protein-protein 308 interaction results, we propose that HERK1-LRE and ANJ-LRE form part of a receptor complex in 309 the filiform apparatus of synergid cells to mediate pollen tube reception. 
315
where they are polarly localised in the filiform apparatus. herk1 anj plants fail to produce seeds 316 from most ovules due to a maternally-derived pollen tube overgrowth defect. As female 317 gametophytes develop normally in herk1 anj mutants, pollen tube overgrowth is likely due to 318 impaired signalling. To clarify the position of HERK1/ANJ in relation to the previously characterised 319 signalling elements of the pollen tube reception pathway, we have shown that NTA relocalisation 320 after pollen tube reception is impaired in herk1 anj as described for FER, whereas ROS production 321 at the micropylar entrance of ovules prior to pollen arrival is not affected. Interactions between 322 HERK1/ANJ and LRE lead us to propose possible receptor complexes of HERK1-LRE and ANJ-323 LRE at the filiform apparatus.
324
Associated with diverse hormonal, developmental and stress responses, FER is regarded as a 325 connective hub of cellular responses through its interactions with multiple partners, including small 326 secreted peptides, cell-wall components, other RLKs, GPI-anchored proteins and ROPGEFs (15, 327 35-39). As related members of the CrRLK1L family, HERK1 and ANJ have the potential to perform 328 similar roles to FER, as reported here in controlling pollen tube rupture. Interestingly, control of tip-329 growth in pollen tubes depends on two redundant pairs of CrRLK1Ls; ANX1 and ANX2, and 330 BUPS1 and BUPS2 (8-11). ANX1/2 and BUPS1/2 form ANX-BUPS heterodimers to control pollen 331 tube growth by sensing autocrine RALF signals (9). In turn, ovular RALFL34 efficiently induces 332 pollen tube rupture at the pollen tip, likely through competition with autocrine RALFL4/19 (9). pollen tube growth (11). LRXs interact physically with RALFL4/19 and are thought to facilitate 335 RALFL sensing during pollen tube growth (11, 40) . It is therefore possible to hypothesise that the 336 female control of pollen tube reception may also be executed via CrRLK1L heterocomplexes of 337 FER with either HERK1 or ANJ, which could sense pollen tube-derived cues to prime the female 338 gametophyte to trigger the required response to induce pollen tube rupture. Given the multiple 339 CrRLK1L-RALFL interactions identified to date (9, 11, 35, 41) , pollen tube-produced RALF signals 340 constitute a potential candidate to induce synergid responses to pollen tube perception.
341
RALFL4/19 are continuously secreted at the growing tip of the pollen tube and while their 342 involvement in pollen growth has been thoroughly studied (9, 11), their possible dual role as 
374
Uncharacterised LLG2 and LLG3 show pollen-specific expression in microarray data and therefore 375 constitute likely candidates as ANX1/2 and BUPS1/2 receptor complex partners to control pollen 376 tube growth. LRE proteins are thought to stabilise their receptor partners in the plasma membrane 377 and to act as direct co-receptors for the extracellular cues sensed by the RLK (15). As we found 378 that FER localisation in the filiform apparatus is unaltered in lre-5 plants, as is HERK1/ANJ 379 localisation, our results do not support the role previously reported for LRE as a chaperone for 380 FER localisation in synergid cells (15). Nonetheless LRE could act as co-receptor for FER and 381 HERK1 or ANJ, forming tripartite HERK1-LRE-FER or ANJ-LRE-FER complexes that sense 382 pollen-derived ligands such as RALF peptides or cell wall components. Structural studies of RLK-383 LRE complexes will shed light on LRE protein functions in membrane heterocomplexes.
384
Our results indicate that HERK1, ANJ and LRE are not required to generate the ROS-enriched 385 environment in the micropyle of mature ovules under our experimental conditions, while FER is 386 involved in this process (16). The role of FER in ROS production has also been characterised in 387 root hairs, where FER activates NADPH oxidase activity via ROPGEF and RAC/ROP GTPase 388 signalling, ensuring root hair growth stability (37). Micropylar ROS accumulation prior to pollen 389 tube arrival depends on NADPH oxidase activity and FER, suggesting a similar pathway to root hairs may take place in synergid cells (16). This evidence places FER upstream of ROS 391 production, whereas FER, HERK1/ANJ and LRE would function upstream of pollen tube burst.
392
One possible explanation is that FER is a dual regulator in synergid cells, promoting ROS 393 production and regulating pollen tube reception, while HERK1/ANJ and LRE functions are 394 restricted to the latter under our environmental conditions. Kinase-dead mutants of FER rescue the 395 pollen tube overgrowth defect in fer mutants, but cannot restore the sensitivity to exogenous 396 RALF1 in root elongation (55). These recent findings support multiple signal transduction 397 mechanisms for FER in a context-dependent manner (55). It would thus be informative to test 398 whether the kinase-dead version of FER can restore the ovular ROS production defect in fer 399 mutants. The use of genetic ROS reporters expressed in synergid cells and pollen tubes in live 400 imaging experiments would allow us to observe specific changes in ROS production at the different 401 stages of pollen tube perception in ovules, as performed with Ca 2+ sensors (17, 29, 30) . ROS 402 production and Ca 2+ pump activation in plant cells have been linked during plant-pathogen 403 interactions and are thought to take place during gametophyte communication (56, 57). Thus,
404
given the dynamic changes in Ca 2+ during the different stages of pollen tube reception in synergids 405 and pollen, it is likely that ROS production variations also take place in parallel. Studying ROS 406 production profiles during pollen perception in the fer-4, herk1 anj and lre-5 backgrounds would 407 provide the resolution required to link these receptors to dynamic ROS regulation during pollen 408 reception. Induction of specific Ca 2+ signatures in the synergids upon pollen tube arrival is 409 dependent on FER, LRE and NTA (17) . Given that NTA relocalisation after pollen reception 410 depends on functional HERK1/ANJ and NTA is involved in modulating Ca +2 signatures in the 411 synergids, it is possible that HERK1 and ANJ might also be required for Ca +2 signalling during 412 pollen perception.
413
Downstream signalling after pollen tube reception in the synergid cells likely involves interactions 414 of HERK1, ANJ and FER with cytoplasmic components through their kinase domain. Our results 415 indicate that the kinase activity of HERK1/ANJ is not required for controlling pollen tube rupture, as 416 has been reported for FER (26) . The fer-1 pollen tube overgrowth defect could also be rescued 
464
Samples were mounted in the staining solution directly and visualised under an epifluorescence 465 microscope with the same settings used for aniline blue staining. Callose-enriched structures like 466 pollen tubes and the filiform apparatus of ovules display a strong fluorescence within 10 minutes of 467 incubation. Only structures directly exposed to the SR2200 solution are stained.
468
To observe the development of the female gametophyte we used a confocal laser scanning 469 microscopy method as described by Christensen (61) . Ovules were dissected from unpollinated 470 carpels, fixed for 2 hours in a 4% (v/v) solution of glutaraldehyde, 12.5mM sodium cacodylate 471 buffer pH 6.9, dehydrated in ethanol series (20%-100%, 20% intervals, 30 minutes each) and 472 cleared in a benzyl benzoate:benzyl alcohol 2:1 mixture for 2 hours prior to visualisation. Samples 
492
All steps were performed at room temperature unless otherwise specified. Ovules were dissected 493 by placing carpels on double-sided sticky tape, separating the ovary walls from the replum with a 494 0.3 mm gauge needle, and by splitting the two halves of the ovary along the septum with No. 5 495 forceps. GFP was visualised by epifluorescence microscopy with the same settings used to 496 visualise H 2 DCF-DA fluorescence. TdTomato was visualised using a 535 nm LED light source and 497 a filter set with 545/25 nm excitation filter, 605/70 nm emission filter and a 565 nm dichroic mirror.
498
Cloning and transformation of Arabidopsis. To study the cellular localisation and to 499 complement the pollen overgrowth defect we generated the constructs pANJ::ANJ-GFP, 
523
Col-0 genomic DNA was used as the template for all cloning events unless otherwise specified.
524
Primers used for cloning are listed in Supplementary Table S2 . Supplementary Table S2 .
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Yeast two-hybrid. Direct interaction assays in yeast were carried out following the Clontech small- 
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Categories are listed in the legend (see also Figure S8A ). Ovules dissected from at least five 
